Military personnel and emergency responders perform cognitively-demanding tasks during periods of sustained physical exertion and limited caloric intake. Cognitive function is preserved during short-term caloric restriction, but it is unclear if preservation extends to combined caloric restriction and physical exertion. According to the "reticular-activating hypofrontality" model, vigorous exertion impairs prefrontal cortex activity and associated functions. This double-blind, placebo-controlled, crossover study examined cognitive function during sustained exertion while volunteers were calorically-deprived. Twenty-three volunteers were calorie-depleted for two days on one occasion and fully-fed on another. They completed intermittent bouts of exercise at 40-65% VO 2peak while prefrontal cortex-dependent tasks of cognitive control, mood, and perceived exertion were assessed. Calorie deprivation impaired accuracy on the task-switching task of set-shifting (p < .01) and decreased sensitivity on the go/no-go task of response inhibition (p < .05). Calorie deprivation did not affect risk taking on the Rogers risk task. During exercise, calorie deprivation, particularly on day 2, increased perceived exertion (p < .05) and impaired mood states of tension, depression, anger, vigor, fatigue, and confusion (all p < .01). Physical exertion during severe calorie deprivation impairs cognitive control, mood, and self-rated exertion. Reallocation of cerebral metabolic resources from the prefrontal cortex to structures supporting movement may explain these deficits.
Introduction
The cognitive effects of acute bouts of aerobic exercise are well documented. Low to moderate intensity aerobic exercise generally enhances cognitive processes, particularly cognitive control, whereas higher intensity aerobic exercise impairs cognitive performance (Dietrich & Audiffren, 2011; Dietrich, 2006) . Executive functions, also called cognitive control processes, consist of mental set shifting (moving back and forth between tasks), information updating (integrating new information), and inhibition (holding back a prepotent response), which are thought to rely on the frontal lobe (Miyake et al., 2000) . According to the "reticular-activating hypofrontality" model, increasing exercise intensity shifts the balance in cerebral metabolic resource allocation from the prefrontal cortex (PFC) which supports cognitive control to structures supporting body movement, including motor, sensory, and autonomic pathways (Dietrich & Audiffren, 2011; Dietrich, 2003 Dietrich, , 2006 . The model is supported by functional near-infrared spectroscopy (fNIRS) findings. fNIRS measures changes in oxygenated and deoxygenated hemoglobin (O 2 Hb and dHb) from superficial layers of cortex, with increasing O 2 Hb and decreasing dHb indicating regional cortical activation. O 2 Hb in the PFC increases during low-to moderate-intensity exercise, and declines at very high-T intensity exercise (Rooks, Thom, McCully, & Dishman, 2010) . Research evaluating aerobic exercise effects on PFC-dependent cognitive control has focused on relatively short exercise bouts, up to forty-five minutes in duration. A few studies have examined longer-duration aerobic exercise, and found that one to three hours of endurance-type exercise may either enhance or impair executive function (Dietrich & Sparling, 2004; Grego et al., 2004) .
Certain professionals, such as military personnel, emergency responders, and athletes, must perform optimally while engaged in sustained physical activity for durations beyond 45 min, often while exposed to stressors such as sleep deprivation, extreme temperatures, and/or caloric deprivation. However, studies assessing the effects of longer durations of calorie deprivation on cognitive performance are limited. Simulated combat operations, during which Soldiers are exposed to sleep loss, dehydration, and caloric deprivation, degrades performance of tasks that assess aspects of cognitive control such as attention and working memory, as well as other cognitive domains (Lieberman, Bathalon, Falco, Kramer, et al., 2005; Morgan, Doran, Steffian, Hazlett, & Southwick, 2006) . In such scenarios, it is difficult to disentangle the cognitive effects of the individual stressors. Similar to physical exertion, stress is thought to impair PFC regulation and PFC-dependent tasks (Arnsten, 2009) , though certain stressors may also enhance PFC activity to preserve PFC-dependent cognition (Porcelli et al., 2008) . Thus, researchers have begun to examine the independent and interactive cognitive effects of sustained physical activity and caloric deprivation.
The majority of research on the effects of calorie deprivation on cognition is based on the study of individuals in weight loss programs. Sustained moderate levels of caloric restriction in overweight and obese individuals generally exert few effects on cognitive control processes such as attention (Cheatham et al., 2009; Kretsch, Green, Fong, Elliman, & Johnson, 1997; Witte, Fobker, Gellner, Knecht, & Floel, 2009 ). In normal weight individuals, such as Soldiers, two days of near-total caloric restriction or 30 days of undernutrition resulted in few effects on executive function and other cognitive domains (Lieberman, Askew, Hoyt, Shukitt-Hale, & Sharp, 1997; Solianik & Sujeta, 2018) . Similarly, total caloric restriction during three days of survival training impaired some aspects of cognition, such as response time and visual-spatial learning, but not cognitive control processes including risk-based decision making (Stahle et al., 2011) .
The aforementioned studies suggest cognitive function can be preserved during periods of severe caloric restriction. Recently, we conducted a study in which Soldiers completed periodic bouts of sustained physical activity while either fully fed or calorie-deprived, resulting in net energy deficits of approximately zero or three thousand kcal/day, respectively. Cognitive testing was conducted at rest and during exercise. At rest, energy deficits resulting from calorie deprivation and sustained physical activity did not influence cognitive function across a range of cognitive domains (Lieberman et al., 2017) . Here we report the findings from cognitive testing conducted during aerobic exercise, which focused on PFC-dependent cognitive control processes including task switching, response inhibition, and risk-based decision making (Dietrich & Audiffren, 2011; Dietrich, 2006) . Given that high intensity exercise impairs PFC activity and associated cognitive control processes, we predicted caloric restriction would degrade cognitive control during aerobic exercise.
Materials and methods

Participants
Twenty-three volunteers participated in the study (17 men, mean ± SD 20.5 ± 0.7 years, 79 ± 2.3 kg; 6 women, 23.3 ± 1.4 years, 58.4 6 ± 3.0 kg) after providing written informed consent. The study was approved by the Institutional Review Board of the US Army Research Institute of Environmental Medicine, Natick, MA USA.
Participants were fluent in English, not on weight-loss diets, not pregnant, and had no evidence of diabetes, other metabolic disorders, heart disease, had no metal implants or fear of small spaces (which can interfere with functional magnetic resonance imaging [fMRI] scanning, not reported here), allergies to medical adhesives (for continuous interstitial glucose monitoring, reported in Lieberman et al., 2017) , attention deficit hyperactivity disorder (ADHD), or acute or chronic physical limitations that would hinder exercise performance. Participants abstained from caffeine, sedating antihistamines and other medications starting 48 h before beginning testing and alcohol 24 h before beginning testing. Sample size estimation was based on Lieberman, Falco, and Slade (2002) , who found that carbohydrate intake improved vigilance during sustained physical activity (Lieberman et al., 2002) .
Design
The experiment employed a double-blind, placebo-controlled, mixedfactorial, repeated-measures design with calorie-deprivation as the within-participants factor. Participants completed two 68-hour test sessions, separated by at least six days. Participants completed each of the two experimental conditions in counterbalanced order: (1) fully-fed with sustained aerobic exercise; and (2) calorie-deprived with sustained aerobic exercise. During the fully-fed condition volunteers consumed an average 3935 kcal per day of specially-designed starch/maltodextrinbased gels, hard candies, artificially or naturally sweetened drinks, and commercially-available noodles made from a digestible starch (e.g. rice noodles) served with low kcal sauce, or commercially-available low kcal noodles made from indigestible fiber served with a high kcal sauce. During the calorie-deprived condition, participants consumed an average 266 kcal per day in hydrocolloid-based gels with artificial sweeteners and flavors, hard candies which provided only a few kcal of energy, artificially sweetened drinks, and commercially-available, very low kcal noodles made from a largely indigestible fiber (i.e. glucomannan) served with a low kcal sauce. Such hydrocolloid-based gel formulations were previously found to be acceptable to participants and permitted conduct of double-blind caloric deprivation studies (Lieberman et al., 2008) .
In both conditions, participants completed cycling exercise, ran or walked on a treadmill, and used an elliptical during multiple exercise sessions each day. The cognitive tests and mood questionnaires reported here were conducted when volunteers were exercising on a treadmill at 40-65% VO 2peak . Net energy balance averaged −36 kcal per day in the fully-fed condition and −3681 kcal per day in the calorie-deprived condition. Participants remained at the testing facility under investigator supervision throughout testing, which ensured dietary compliance and a standardized activity and sleep schedule.
Energy expenditure
To assess energy requirements and predict energy expenditure, participants underwent a series of metabolic tests prior to initiating the study protocol, including measurement of peak oxygen consumption (VO 2peak ), exercise-induced energy expenditure (EEE), and resting metabolic rate (RMR). RMR was measured during preliminary testing, and, on the morning of the first test day using an indirect open circuit respiratory system (True max 2400, Parvomedics, Sandy, UT USA) following an overnight fast. Participants rested in the supine position for approximately 30 min. Steady state oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) recorded during the last 20 min were used to calculate RMR using Weir's equation. VO 2peak , a measure of aerobic fitness, was determined on a treadmill. Participants' VO 2peak was used as a reference point to determine the appropriate exercise workloads necessary to elicit the desired energy expenditure.
These metabolic measurements were used to predict total daily energy expenditure (TDEE) prior to study days, and estimate TDEE during the study, which was calculated as: TDEE = RMR × 1.3 + EEE. EEE consisted of participants' daily energy expenditure and repeated moderate-intensity exercise bouts (40-65% of VO 2peak ). Free-living daily energy expenditure of participants was calculated using written activity records completed by participants for three days (two weekdays and one weekend day) as a factor of RMR (0.3 = sedentary; 0.6 = light activity; 0.7 = moderate activity).
Exercise-induced energy expenditure
Repeated, moderate to vigorous intensity (∼40-65% of VO 2peak ) endurance exercise bouts were used to increase volunteers' daily exercise-induced energy expenditure 2-fold, relative to RMR. Participants were adapted using the American College of Sports Medicine's Metabolic Equations for steady state exercise conditions to initial exercise workloads necessary to elicit the desired energy expenditure (Whaley, Brubaker, Otto, Robert, & Armstrong, 2006) . To verify the accuracy of these prediction equations, EEE, as well as exercise intensity, were measured periodically while participants were exercising during the baseline testing period. Based on these measurements, exercise workloads were adjusted accordingly to meet the desired EEE goals for protocol days. Total exercise, as measured by intensity and energy expenditure, were equal on both study days. However, duration of each exercise session differed between participants based on baseline VO 2peak and the time necessary to expend the desired energy for each exercise session.
Cognitive tasks
The following battery of cognitive tests was performed during a bout of exercise on the treadmill (40-65% VO 2peak ) at 1500 h on Day 1 and 1400 h on Day 2.
Task-Switching Test (TST)
The TST assesses ability to rapidly switch from one task to another using an alternating runs paradigm, termed set-shifting (Monsell, 2003; Monsell, Yeung, & Azuma, 2000) . Task switching relies on the prefrontal and parietal cortices (Dove, Pollmann, Schubert, Wiggins, & von Cramon, 2000; Kim, Cilles, Johnson, & Gold, 2012) . Participants viewed a background display consisting of four lines crossed to form eight equal-radius regions. One line was horizontal and thicker than the others. On each trial a single digit from 1 to 9 (excluding 5) was presented in one of the eight regions. Depending on whether the stimulus was presented above or below the thick horizontal line, participants were asked to classify the digit as odd/even or high/low (greater or less than 5). On subsequent trials stimulus positions rotated clockwise through the eight regions. For this procedure, participants performed four trials in a row of each classification task, switching to the alternate task every fifth trial. Assignment of odd/even and high/low tasks to regions above or below the horizontal line were counterbalanced across volunteers. Dependent measures included response time and accuracy for switch and non-switch trials.
Rogers Risk Task (RRT)
The Rogers Risk Task (Rogers et al., 1999) was developed to assess the contribution of the orbitofrontal cortex to decision-making under conditions of risk. Risk-based decision making is thought to activate areas of the frontal cortex including the dorsolateral PFC and orbitofrontal cortex, as well as the anterior cingulate and parietal cortex (Krain, Wilson, Arbuckle, Castellanos, & Milham, 2006; Rao, Korczykowski, Pluta, Hoang, & Detre, 2008) . In the present implementation of the task, six red or blue boxes were displayed. Participants were told that a "token" had been hidden behind one of the six boxes, and their task was to gamble whether the token was hidden under a red or blue box. The gamble was structured such that choosing the more probable color would yield a smaller reward. The critical dependent measures included the likelihood of choosing the more probable color (with smaller reward) and response time.
Go/No-Go task (GNG)
The GNG is a measure of impulsivity (de Wit, Enggasser, & Richards, 2002; McDonald, Schleifer, Richards, & de Wit, 2003) and consists of repeated presentations colored target silhouettes. Participants were instructed to respond to targets of one color (the "go" stimulus) by pressing a response button as quickly as possible, but to withhold responding to the other target color (the "no-go" stimulus) which was presented at a lower frequency. Response inhibition relies primarily on the frontal cortex, particularly the right inferior frontal cortex (Aron, Robbins, & Poldrack, 2014) . Dependent measures included accuracy and response time.
Questionnaires
Borg Rating of Perceived Exertion Scale (RPE)
The RPE is a one-item self-report measure of perceived physical exertion (Borg, 1982) . Participants were told, "Choose the number that best describes your level of exertion," on a scale ranging from "no exertion at all" (6) to "maximal exertion" (20).
Profile of Mood States (POMS)
The POMS is a widely-used inventory of self-reported mood and arousal states. Participants rated a series of 65 mood related adjectives on a five-point scale, using the response set of "how are you feeling right now?" The adjectives factor into 6 subscales; tension, depression, anger, vigor, fatigue, and confusion (McNair, Lorr, & Droppleman, 1971 ).
Procedure
After a detailed explanation of the study, potential participants first completed a written consent form and were screened for eligibility. If selected to participate in the study, they completed measures of peak oxygen consumption (VO 2peak ), exercise-induced energy expenditure (EEE), and resting metabolic rate (RMR). Participants arrived for the testing sessions at 1700 h on Day 0 and practiced all cognitive tasks and questionnaires. At 1500 h on Day 1 and 1400 h on Day 2, participants completed bouts of sustained aerobic exercise. Participants completed the POMS at the beginning and end of each bout of exercise, and the TST, RRT, and GNG during the specified bout of exercise on the treadmill. Participants also completed the RPE before and after each cognitive test during exercise. A schedule of cognitive testing during exercise is provided in Fig. 1 . The complete test schedule has been described previously (Lieberman et al., 2017) (Supplementary Table 1) .
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.bandc.2019.02.003.
Statistical analyses
Analyses of the POMS subscales and RPE were conducted using analyses of variance (ANOVA) with calorie-state (calorie-deprived, fully-fed), day (first, second) and, where appropriate, time (minutes 0, 30, 45, 65) as within-participant variables. Analysis of the Go/No-Go task sensitivity and response time (d') were conducted using ANOVAs with calorie-state (calorie-deprived, fully-fed) and day (first, second) as within-participants variables. Sensitivity is a composite index of hit rate and false alarm rate, which was calculated by subtracting the z-score of the false alarm rate from the z-score of the hit rate (Macmillan, 2002) . Analysis of the Task Switching Task accuracy and response time were conducted using ANOVAs with calorie-state (calorie-deprived, fullyfed), day (first, second), and trial type (switch trials, 1st trials postswitch, 2nd trials post-switch, and 3rd trials post-switch) as withinparticipants variables.
POMS RPE
Analysis of the Rogers Risk Task likelihood of choosing the more probable color (with the smaller reward) and response time were conducted using ANOVAs with calorie-state (calorie-deprived, fullyfed), day (first, second) and trial block (first, second, third) as withinparticipant variables.
An effect was deemed statistically significant if the likelihood of its occurrence by chance was p < 0.05. If the sphericity requirement was violated, Greenhouse-Geisser corrected p-values were used. When an ANOVA yielded a significant main effect, post-hoc tests using the Bonferroni correction were conducted. All statistical analyses were performed using SPSS 12.0 (SPSS Inc, Chicago, IL).
Results
Borg Rating of Perceived Exertion Scale (RPE)
A main effect of calorie-state showed that perceived exertion (RPE) was higher when participants were calorie-deprived versus fully-fed 
Profile of Mood States (POMS)
Tension
A main effect of calorie-state showed that rated tension was higher when participants were calorie-deprived than fully-fed, F (1, 21) = 13.111, p < .01, η 2 = 0.093. A main effect of day showed that rated tension was higher on the second day than first day, F (1, 21) = 6.628, p < .05, η 2 = 0.033. A main effect of time during exercise showed that rated tension was higher minute 65 than 0, F (1, 21) = 7.583, p < .05, η 2 = 0.046, see Table 2 for all POMS subscales.
Depression
A main effect of calorie-state showed that rated depression was higher when participants were calorie-deprived than fully-fed, F (1, 21) = 11.574, p < .01, η 2 = 0.073. A calorie-state by day interaction, F(1, 21) = 5.451, p < .05, η 2 = 0.018, showed that rated depression was higher when participants were calorie-deprived than fullyfed on the second day, F(1, 21) = 13.595, p < .01, (η 2 = 0.199) but not on the first day (p > .19).
Anger
A main effect of calorie-state showed that rated anger was higher when participants were calorie-deprived than fully-fed, F(1, 21) = 9.139, p < .01, η 2 = 0.073. A main effect of time during exercise showed that rated anger was higher minute 65 than 0, F(1, 21) = 4.353, p < .05, η 2 = 0.033. A calorie-state by day interaction, F
(1, 21) = 4.561, p < .05, η 2 = 0.020, showed that rated anger was higher when participants were calorie-deprived than fully-fed on the second day, F(1, 21) = 12.235, p < .01, η 2 = 0.174, but not on the first day (p > .21). In a day by time interaction, F(1, 21) = 4.353, p < .05, η 2 = 0.132, rated anger was higher at minute 65 than 0 on the first day, F(1, 22) = 8.533, p < .01, η 2 = 0.008, but did not differ by time on the second day (p > .90).
Vigor
A main effect of calorie-state showed that rated vigor was lower when participants were calorie-deprived than fully-fed, F(1, 21) = 13.668, p < .01, η 2 = 0.136. A calorie-state by day interaction, F
(1, 21) = 4.974, p < .05, η 2 = 0.045, showed that rated vigor was lower when participants were calorie-deprived than fully-fed on the second day, F(1, 21) = 13.679, p < .01, η 2 = 0.314, but not on the first day (p > .78).
Fatigue
A main effect of calorie-state showed that rated fatigue was higher when participants were calorie-deprived than fully-fed, F(1, 21) = 27.271, p < .001, η 2 = 0.212. A main effect of day showed that rated fatigue was higher on the second day than first day, F(1, 21) = 12.426, p < .01, η 2 = 0.074. A main effect of time during exercise showed that 
Go/No-Go task (GNG)
3.4.1. Sensitivity A main effect of calorie-state showed that sensitivity was lower for participants who were calorie-deprived than fully-fed, F(1, 22) = 5.779, p < .05, η 2 = 0.097. A main effect of day showed that sensitivity was lower on the second than first day, F(1, 22) = 4.632, p < .05, η 2 = 0.039, see Table 4 . A calorie-state by day interaction, F
(1, 22) = 7.948, p < .05, η 2 = 0.083, showed that sensitivity was lower for participants who were calorie-deprived than fully-fed on the second day, t(22) = 2.879, p < .01, d = 0.600, but sensitivity did not differ as a function of calorie-state on the first day (p > .82).
Response time
Response time did not change as a function of calorie-state or day (all p's > .10).
Rogers Risk Task (RRT)
Likelihood of choosing the more probable color
A day by trial block interaction, F(2, 44) = 5.543, p < .01, η 2 = 0.026, showed that the likelihood of choosing the more probable color (with the smaller reward) was higher on the first than second day for the first block of trials, F(1, 22) = 13.28, p < .01, η 2 = 0.101, but not the second or third blocks of trials (all p's > .13). No main effects or interactions were found for calorie-state (all p's > .32). 
Response time
A main effect of day showed that response time was higher on the first than second day, F(1, 22) = 9.054, p < .01, η 2 = 0.016, but did not differ as a function of calorie-state or trial block (all p's > .17).
Discussion
This experiment evaluated the influence of sustained physical exertion during severe calorie deprivation on PFC-dependent cognitive control performance, mood, and perceived exertion. Participants engaged in two days of periodic sessions of moderate to high intensity exercise while either fully fed or calorie-deprived. During two of the exercise sessions, approximately 12 and 36 h into testing, participants completed three cognitive control tasks and rated their mood and physical exertion. During exercise, calorie deprivation impaired performance on tasks of set-shifting and response inhibition, but not riskbased decision making. Calorie deprivation during exercise also impaired all aspects of mood assessed; tension-anxiety, depression-dejection, fatigue-inertia, vigor-activity, confusion-bewilderment and total mood disturbance. Self-reported exertion increased during exercise when the volunteers were calorie deprived. Most of the effects of calorie deprivation were observed on day 2 as would be expected since the physiological and central nervous system effects of continuous calorie deprivation should be cumulative.
The task switching task, go/no-go task, and Rogers risk task were chosen to evaluate a range of high-level cognitive processes, each of which is critical to real-time cognitive demands faced by Soldiers, emergency responders, and other professionals under conditions of sustained physical exertion and caloric deprivation. Such cognitive processes and the frontal brain regions on which they rely (Aron et al., 2014; Kim et al., 2012; Krain et al., 2006) are sensitive to changes in physical exertion. The "reticular-activating hypofrontality" model posits that high intensity exercise recruits activity in motor pathways (e.g. primary and secondary motor cortices, basal ganglia, cerebellum), as well as sensory (e.g. primary sensory cortex) and autonomic pathways (e.g. hypothalamus), at the expense of structures supporting higherorder cognitive processing, including the PFC (Dietrich & Audiffren, 2011; Dietrich, 2003 Dietrich, , 2006 .
Research has employed functional near-infrared spectroscopy (fNIRS) to quantify changes in prefrontal cortex activity during exercise. At relatively low to moderate intensities (up to approximately 60% VO 2max ), exercise increases O 2 Hb in the PFC, whereas when exercise reaches or exceeds VO 2max , O 2 Hb often declines (Giles et al., 2014; Thomas, Stephane, Rupp, & Perrey, 2008; Timinkul et al., 2008) . Some findings suggest that exercise-induced changes in PFC O 2 Hb are associated with those in executive function. For instance, during shortduration, low-intensity exercise, elevated PFC O 2 Hb was associated with improved response inhibition (Byun et al., 2014) . However others have failed to show such correlations: longer-duration, higher-intensity exercise impaired executive function but elevated PFC O 2 Hb (Tempest, Davranche, Brisswalter, Perrey, & Radel, 2017) .
We found that calorie deprivation in combination with sustained physical exertion impaired performance on both the task switching task, which activates the prefrontal and parietal cortices (Dove et al., 2000; Kim et al., 2012) and go/no-go task, which activates the inferior frontal cortex (Aron et al., 2014) . We and others have previously reported that calorie deprivation alone does not influence other frontal cortex-dependent tasks, such as the n-back task of working memory (Lieberman et al., 2017; Owen, McMillan, Laird, & Bullmore, 2005) . Working memory was not, however, assessed during exercise in this study. The task-switching task and go/no-go task address the setshifting and inhibition components of executive function (Miyake et al., 2000) , but it remains unclear whether calorie deprivation and physical exertion also influence the information updating component. Moderateintensity exercise generally speeds response time but impairs accuracy in working memory tasks (McMorris, Sproule, Turner, & Hale, 2011) . Stress likewise exerts inconsistent effects on the PFC and working memory. Stress impairs working memory and associated PFC activity (Luethi, Meier, & Sandi, 2008; Oei, Everaerd, Elzinga, van Well, & Bermond, 2006; Qin, Hermans, van Marle, Luo, & Fernandez, 2009; Schoofs, Preuss, & Wolf, 2008) , but also enhances PFC activity and preserves working memory performance (Porcelli et al., 2008) . Thus, future research is necessary to determine whether the specific stressors of calorie deprivation and physical exertion influence information updating. Nevertheless, the results of this study support the transient reticular-activating hypofrontality model, and suggest the combined stressors of calorie deprivation and physical exertion degrade PFC-dependent cognitive processes more than calorie deprivation alone.
Risk-based decision making is also thought to activate areas of the frontal cortex (Krain et al., 2006) , although it did not change during calorie deprivation and physical exertion in this study. Several previous studies have reported that moderate intensity exercise increases risk taking, particularly among males (Black, Hochman, & Rosen, 2013; Pighin et al., 2015) . However, another study reported that calorie deprivation does not impair risk-based decision making during sustained physical exertion and found that 66 h calorie deprivation did not influence risk taking (Stahle et al., 2011) . Indeed, some evidence suggests hunger promotes advantageous decision making on gambling tasks and appreciation of future rewards on delayed discounting tasks (de Ridder, Kroese, Adriaanse, & Evers, 2014) . Other forms of fatigue, such as sleep deprivation, are reported to reduce risk taking behavior (Killgore et al., 2008 (Killgore et al., , 2011 Stahle et al., 2011) . Additional research is required to resolve these apparently contradictory findings which could be attributable to differences in the cognitive tasks employed and experimental conditions. Chronic intermittent fasting has been shown to induce microstructural changes in brain regions associated with hunger and satiety, emotion, and cognitive control, including the amygdala, middle temporal cortex, thalamus, and medial PFC (Bakan et al., 2015) , however no study to our knowledge has assessed the influence of more acute caloric restriction on brain activity in healthy individuals, and future research should seek to determine the independent and interactive influence of calorie deprivation and aerobic exercise on prefrontal cortex function.
During aerobic exercise calorie deprivation impaired all mood scales assessed: tension-anxiety, depression-dejection, fatigue-inertia, vigor-activity, confusion-bewilderment, as well as the composite score of these scales -total mood disturbance. Similar degradation in mood was present when it was assessed under the same conditions at rest in this study (Lieberman et al., 2017) . However, in a previous study using the identical procedures as this study, but with caloric restriction limited to −2138 kcal/d (versus −3681 kcal/d), mood at rest was not affected (Lieberman et al., 2008) . The additional caloric deficit present in this study compared to Lieberman et al. (2008) was generated by increasing the duration and magnitude of aerobic exercise required of participants. In the current study, as a consequence of this increase in exercise, interstitial glucose levels fell to 72 mg/dl which is lower than the lowest level observed during the previous study (Lieberman et al., 2008) . This may account for the significant effects on mood both at rest and during exercise observed in the current study as interstitial glucose levels are highly correlated with plasma glucose levels (Akintola et al., 2015) . When plasma glucose levels fall to approximately 70 mg/dl, symptoms can begin to appear including tiredness, dizziness, faintness and sweating (Fanelli et al., 1994; Mitrakou et al., 1991) . Calorie deprivation also increased self-reported physical exertion (RPE) during exercise. This finding is consistent with previous studies which report increased self-rated exertion after 27 h of fasting (Nieman, Carlson, Brandstater, Naegele, & Blankenship, 1987) and Ramadan fasting (Aloui et al., 2013; Chtourou et al., 2011 Chtourou et al., , 2012 . Thus, undernutrition increases perceived exertion during both short and sustained aerobic exercise.
The findings generally demonstrate when undernutrition is combined with substantial physical exertion, cognitive control, mood, and self-rated exertion are impaired relative to undernutrition at rest when glucose levels are higher. One limitation of the current study is that a non-exercise control condition was not included. Another limitation was not administering the cognitive tests conducted during exercise to participants at rest. Future research should compare the same cognitive tasks at rest and exercise in fully fed and calorie-deprived conditions.
Conclusions
In conclusion, this study demonstrates that when participants are engaged in moderate physical activity (40-65% VO 2peak ) in combination with relatively short-term duration undernutrition, multiple aspects of PFC-dependent cognitive control, including set shifting and response inhibition are degraded. However, other cognitive control domains, including risk taking, remain intact. The study is the first of its kind comparing cognitive control during moderate to high intensity exercise between fully-fed and near-total caloric deprivation conditions in a double-blind manner. The findings add to the growing body of literature on cognitive effects of stress-and fatigueinducing scenarios often encountered by military personnel, emergency responders, and similar professionals.
